This review focuses on the increasing vulnerability of the world ocean to multiple anthropogenic stresses in the latter half of the twentieth century and the first decade of the twenty-first century. The multiple stresses, which affected the world ocean in the latter half of the twentieth century, could have been controlled on a timescale of decades, had governments and their subjects chosen to do so. In the twenty-first century, the timescale of remediability has been observed to shift from decades to centuries and even to millennia. The major additions to the suite of multiple stresses consist of the combined impacts of changing ocean thermal structure and increasing acidification, both of which are the results of increased anthropogenic CO 2 emissions. The consequences of these recent changes are assessed. The assessment makes clear collectively what is known and unknown and what responses are available to human social systems to adapt to these accelerating changes.
INTRODUCTION
In 1999, the author published a moderately optimistic assessment of the health of the oceans (1) . The paper began by noting that globally we faced the following four major problems of using the oceans in a sustainable fashion:
1. The growth and consumption of natural resources exceeded the capacities of natural systems. 2. By-products of human activities affected the basic functioning of major biogeochemical cycles in observable ways. 3. Habitat destruction threatened the future survival of a significant fraction of living species, including plants, animals, fungi, and even microorganisms. 4. However, it was clear that human patterns and practices of land use constituted the single biggest problem of the global coastal ocean.
The combined effects of these four stressors and overfishing of the coastal and open ocean had produced increasing species diversity losses. To complete the circle, human response capability was significantly compromised because decision processes were highly decentralized and uncoordinated, and this imposed severe limits on national capacities to manage human use of the ocean and its resources. This assessment was characterized as moderately optimistic because it was not particularly difficult to identify policy responses to these severe challenges and to envisage significant remediation on decadal timescales. The solutions were characterized in terms of a nested model of responses hierarchically arranged in terms of priorities (1) . Policies of the first priority were identified as reducing and controlling human population and consumption growth rates, land-based pollution of the coastal ocean, emissions of greenhouse gases, and creating institutional structures to formulate and integrate national ocean policy. Policies of the second priority were identified as facilitating integrated waste management strategies at the national level and comprehensive approaches to coastal zone management, realigning coastal and land-use policies, and planning for adaptation to sea-level rise. Policies of the third priority all focused on the problem of overfishing. The recommended policies were facilitating the transition from open-to closed-access regimes, sizing fishing effort to available resources, and maximizing net socioeconomic benefits over the long term.
By 2004, three new drivers on a massive scale were identified. These greatly enlarged the suite of multiple stresses that we must face and that give rise to declining optimism because remediation has jumped from decadal to centennial timescales. The first of these concerns the expected size of human global population by 2050 and 2100. Even though the global growth rate peaked between [1965] [1966] [1967] [1968] [1969] [1970] and the absolute annual increase peaked about 1990 (2), the United Nations (UN) projections for world population by 2050 are 8.9 billion people, and by 2100, population stabilization will be in the range of 11 billion people. Given a 6.3 billion population base in 2003, these projected increases are on the order of 29.2% to 42.7%. These translate into significant increases in consumption, expansion of urbanized areas, and land-use activities. By 2050, the expected increase of megacities (>8 m) goes from 19 in 2000 to 32 in 2050, with most of these in Asia and on the coast (2).
The second major driver, changing ocean thermal structure, was first documented in 2000 by Levitus et al. (3) . This work was expanded and clarified by Barnett et al. (4) , Levitus et al. (5) , and Barnett et al. (6) . Levitus et al. (5) found that, between 1955 and 1998, world ocean heat content between 0-3000 m had increased at a rate of 14.5 × 10 22 J (joules). This rate is equivalent to a mean temperature increase, integrated over the entire world ocean, of 0.037
• C at a rate of 0.20 W/m 2 (watts per square meter). This is a very large increase indeed. A large part of the change actually occurs in the upper 700 m of the world ocean, and substantial regional variability exists. Such significant increases in surface and subsurface heat in the world ocean produce large-scale biogeographic shifts in the distribution of the most important species targeted by global commercial fisheries on which humans depend as a source of animal protein intake. This heat also produces significantly increased melt rates of polar ice sheets in summer as a result of unexpected positive feedbacks between increases in the subsurface heat and the subsurface ice. As summer melt rates of the polar ice sheets increase, the probability of more extensive stratification of the water column also increases, because the melting ice produces a large surface layer of freshwater. Greater stratification tends to produce lower levels of biological productivity.
The third major driver was discovered only in 2004. Measurements of CO 2 at the Mauna Loa Laboratory (7) had showed that anthropogenic emissions since 1958 had increased atmospheric concentrations to 380 ppm by volume (ppmv) by 2008. Research published in 2004 (8, 9) and in 2006 (10) showed that, if land-use activities are included, the ocean has taken up about 30% of all anthropogenic CO 2 emissions since 1750. [The original estimate of 48% (8) did not include land-use activities.] As a result, the world ocean has become more acidic as pH has declined by 0.1 units (∼10%) in 2007. Continued declines will occur as a function of greenhouse gases emitted but not yet taken up by the ocean. Because the solubility of carbon increases as temperature decreases, the polar oceans are currently where the most significant increases in acidity have occurred. Increasing acidity then becomes a threat to all living marine organisms, which require calcium carbonate (CaCO 3 ) for building their skeletons.
These three newly recognized drivers, operating on much longer timescales, have to be added to the problems identified earlier. Consequently, we are faced with managing a massive problem of eight multiple stresses because the old problems have not been solved and many have become worse (11) . There are powerful synergies that develop between them, exacerbating adverse effects on marine ecosystems and the marine environment generally. For these reasons, the outlook for the future is far more uncertain than it was in 1999. We have known for a long time that fish inhabit hydrographic structures consisting of temperature, salinity, and depth, but we need to shift our thinking to recognize the centrality of planktonic ecosystems in relation to community structure and interactions across multiple trophic levels (12, 13) . Climate is a very large driver in the stability and productivity of marine ecosystems by sustaining or changing habitat, either directly or indirectly, so the combination of multiple stresses we now face constitutes a significant threat. On this dimension, our knowledge is limited; therefore, our prediction capability is severely limited. In particular, we lack relevant knowledge about the effects of increasing acidification on marine ecosystems facing a world of multiple stresses. This drawback is particularly evident at the level of specificity required for designing appropriate societal responses.
The problem of managing multiple stresses is a malign problem because it is empirically difficult to assess the net effect of each stress relative to the others, and it is politically difficult as painful trade-offs are involved, thereby stimulating competition and conflict between the stakeholders involved. The challenge of the multiple stresses problem has been framed by the National Research Council (14) in the following way: Both ecosystems and humans often face suites of multiple environmental stresses generated by a combination of external physical forcing and internal forcing. Multiple environmental stresses produce more than additive effects. They create synergies through interaction and produce quantitatively and qualitatively different outcomes from single factors acting alone. Such outcomes are derived from nonlinear processes operating on multiple spatiotemporal scales, and these lead to critical thresholds or points at which either rates of change shift dramatically and/or the system shifts into a different state. However, many, if not most, nonlinearities are unknown, and gaps in understanding these phenomena lead to gaps in knowing how to respond to them in terms of design of policy and management approaches.
It is not possible, within the space of one review, to deal comprehensively with a package of eight stresses and their effects. Therefore, this article limits most of the discussion to highlighting the synergies produced by two global stresses: the changing thermal structure of the ocean and increasing acidification. The review also considers how we might go about managing human adaptation to these new long-run challenges. The notion of managing adaptation, however, requires that we begin with a specification of what constitutes a "healthy" ocean and how the ocean itself responds to multiple stresses.
A CONCEPTUAL MODEL OF A HEALTHY OCEAN
This section sketches in broad-brush strokes contemporary understanding of what elements and configurations constitute a preanthropocene ocean from the perspective of the past 10,000 years, essentially the quaternary era, focusing first on the dynamics of global ocean circulation and the transport of heat, secondly on pH, and thirdly on the dependency of marine life on these two factors. This process provides the context for demonstrating the changes, which are brought about by multiple stresses, directly or indirectly, on the functions served by the process, including changes impacting the biota.
The atmosphere transports far more heat than the ocean, approximately four times the mass flux of energy, but in the great ocean basins the meridional overturning circulation (MOC) is the dominant driver of all energy transport. (See Figure 1 and Figure 2 , see color insert.) Figure 1 depicts the original Broecker conceptualization, and Figure 2 updates that conceptualization by adding more empirically derived complexity. Other names for this process are global thermohaline circulation (THC) or the great conveyer belt (15) . In this process, the deep convective penetration of the North and South Atlantic is far greater than that of either the Pacific or Indian Ocean (6) . The impact of the Atlantic MOC is detectable at 700 m, whereas detectable impacts in the Pacific and Indian Oceans are constrained to 100 m (6). In fact, in the South Atlantic, the MOC penetrates down to 4000 m and 6000 m in certain places. The North/South (Pole to equator) surface temperature gradient is a response to winddriven currents that are formed, but density differences in ocean water masses are what drive the MOC. This ocean transport of heat is critical for the maintenance or decline of sea ice at the Poles and, therefore, the albedo (or reflectivity) of Earth. Significant changes in sea ice can produce changes in global temperature on decadal timescales, which is relatively rapid for the coupled ocean-atmosphere system because the polar region absorbs rather than reflects the incoming solar radiation. Surface salinity, another important chemical signal, is produced as a result of solar radiation fueling evaporation. Density differences, which emerge at the sea surface, are created by decreasing temperature as the water moves north. These surface currents exert important effects on local climate and its variability. The winds then are regional drivers of energy. The Gulf Stream in the North Atlantic and the trade winds at the equator are powerful exemplars of these processes.
In the North Atlantic, density differences at the surface reach the point of criticality in the Norwegian Sea where points of vertical instability formed by density gradients create the possibility of deep convective penetration of a cold-water mass, called North Atlantic Deep Water, flowing back toward the equator and the South Pole. However, there is more heat at the North Pole than the South because the circumpolar current at the South Pole retards heat transport. Deep convective mixing sequesters a lot of CO 2 from the surface to the depths of the large ocean basins, which turn over on millennial timescales. Vertical mixing is strongly influenced by winds and tides. Deep currents, which tend to be located on the western sides of large ocean basins, spread that newly "ventilated" water around the world and influence storm tracks with high variability. The mixed layer, created by the turbulence of waves and wind stress, which extends down to approximately 200 m, is an area of equal density with the surface. This is the layer through which ocean/atmosphere exchanges are processed. The euphotic zone is the area that experiences the direct influence of sunlight, allowing photosynthesis to take place and creating plankton blooms. There is considerably more variability in the coastal ocean than in the open ocean. The geomorphology of the coasts exerts great influence, particularly with respect to depth, biological productivity, and its sensitivity to land-based activities of humans via the pathways of river runoff and tropospheric transport.
There are two principal pathways through which multiple stresses generate significant impacts on the healthy ocean. First, changes are induced in the internal physical and chemical oceanic processes, which lead to major changes in results that affect the functions these processes serve. Second, changes are induced via integration of one or more stresses in the biota, which are characteristic of different marine ecosystems and the functions they serve.
These changes can lead to quite different community structures across species on different timescales. Major examples of the first type include paleoclimatological evidence that suggests the THC/MOC is sensitive to atmospheric temperature and salinity on decadal to centennial timescales (15, 17) . Increasing atmospheric temperature and sea surface temperatures (SSTs) tend to decrease salinity by inducing increased melting of ice at the poles. This combination of stressors appears to slow down the THC/MOC, but a lot of questions remain unanswered about the details. Physical processes that are important to marine ecosystems include enrichment (upwelling, mixing, and others), concentration (via formation of distinctive fronts), and retention (the lack of off-shore transport) (18) . With respect to changes in the global distribution of heat and acidification, patterns of integration between the physical/ chemical changes and their impacts on the biota are very complex.
For instance, increasing CO 2 decreases the pH of seawater, which normally exists in an average range of 8.1 to 8.3 pH units as measured on a log scale. That reduction in pH, currently by 10% of one pH unit, results in observed decreases for several classes of biota in their ability to manufacture shells and skeletons because the CaCO 3 required is dissolved by increasing acidity. Particularly serious results are already observable on the near-surface tropical corals (19) (20) (21) (22) (23) . As Doney et al. (24) point out, the increased carbonate dissolution in the water column has the potential to decrease the contribution of CaCO 3 to another process, the ballasting of organic carbon to the deep sea. When this occurs, more organic carbon is remineralized in shallow waters, with the result that the efficiency of oceanic uptake of CO 2 decreases. At this point, connections to a number of other exchange processes come into play, for instance, the effect of the partial pressure of CO 2 (pCO 2 ), additional decreases in pH and therefore total alkalinity, as well as the state of CaCO 3 in the world ocean. In addition, calcification in many planktonic organisms is reduced at elevated levels of CO 2 , but their responses are not uniform, and only a few of them have been studied. Similarly, the effects on noncalcifiers are not well known, but some of them, such as cod species, may be vulnerable in their larval stages (24) . Physically, climate affects marine ecosystems primarily through SSTs and wind, which, in certain large regions of Earth's surface, are characterized by strong interannual El Niño/Southern Oscillation (ENSO) and decadal influences as well (25) (26) (27) (28) (29) . Temperature and wind are most important in coastal regions, especially at the surface, but bottom-up increases in temperature affect planktonic ecosystems and are responsible for serious disconnects in the timing of plankton blooms. This phenomenon is known as the "match/mismatch" problem because it dislocates the timing (phenology) of the appearance of phytoplankton and zooplankton blooms vis-à-vis each other. These are changes that ricochet all the way up the food chain to top predators (18) . The coastal ocean is particularly susceptible to, and beset by, multiple stresses. Halpern et al. (30) estimate that 41% of the global ocean is affected in this manner. The most affected regions combine the stressors of growth in human population, land-use changes, effects on river runoff, tropospheric transport of pollutants, and direct human activities on the ocean. Although these main trends are highly integrated, Halpern et al. (30) also found that, in the coastal zone, there were a lot of uncorrelated stresses in which the effects were spatially distinct. Geographically, the areas showing the most intense cumulative impacts are the North Sea, the Norwegian Sea, South and Southeast China Seas, the Eastern Caribbean, the North American eastern seaboard, the Mediterranean, the Persian Gulf, the Bering Sea, and the area around Sri Lanka (30).
Impacts of Natural Climate Variability on Marine Ecosystems
Even under conditions of normal climate variability, climate is a major driver of the performance of marine ecosystems on interannual ENSO and decadal timescales. In the North Pacific Ocean during the twentieth century, shifts in the Pacific Decadal Oscillation (PDO) from a cool to warm phase result in about a 1
• C increase in SSTs, which trigger major shifts in the composition of coastal ocean foodwebs (31) . Cold-water forage fish and plankton are in reduced abundance, and warm-water fish, such as mackerel, hake, and sardines, increase in abundance. Salmonid distribution in the Northern California Current System (NCCS) declines significantly (32) . The dynamics producing these observations are clear. During cool phases of the PDO, the upper ocean is only weakly stratified. Nutrients easily upwell into the surface layer, and these conditions coincide with a highly productive sub-Arctic food web (27) . Predation pressure on juvenile salmon (smolts) is slight, partly because other smoltsized forage fish, such as herring and anchovies, are in abundance, and partly because migratory predators, like hake and mackerel, are not in great abundance (27) . The outcome then is high smolt survival and excellent feeding conditions for maturing salmon. By constrast, warm phases of the PDO trigger the emergence of a highly stratified coastal ocean, which inhibits upwelling, thereby limiting phytoplankton productivity (27) . During these periods, subtropical zooplankton species (copepods) are dominant, forage fish are scarce, and hake and mackerel are present in abundance. The result is poor smolt survival given intense predation pressure by fish and seabirds and poor growth for maturing salmon while they are at sea (33) .
Decadal-scale variability is a particular characteristic of North Pacific fisheries, but warm versus cool phases generate differing impacts across species. Mantua et al. (27) definitively established the impact of different phases of the PDO for Northeast Pacific salmon, whereas Wooster & Hollowed (25) and Hollowed & Wooster (26) show that different phases of the PDO result in different effects for demersal (bottom-feeding) species. Some do better in cool versus warm phases of the PDO, and others do better in warm phases, Francis et al. (34) then characterized the effects of interdecadal climate forcing on the entire set of oceanic ecosystems 18. 6 Miles in the region. The precipitating cause of these decadal shifts is a change in atmospheric pressure, which elicits a change in surface wind stress. As a result, both the surface circulation and vertical flow change. An additional result is that air-sea heat exchange is altered, which, in turn, changes the location and character of oceanic fronts. These physical changes stimulate a variety of important biological effects encompassing changes in primary production, the timing, mix, and concentration of plankton blooms, and larger-scale effects.
In 2004 the North Pacific Marine Science Organization (PICES), in a special publication on Marine Ecosystems of the North Pacific Ocean, declared that ecosystem responses to ocean climate are most quickly detected at the lower trophic levels (phytoplankton, zooplankton, and invertebrates), where rapid reproduction rates reveal fluctuations in abundance in short periods of time (35, 36) . Impacts of climate variability are both direct and indirect. For direct impacts, thermal stress is particularly powerful because it changes both habitat and thermal tolerances, but thermal stress also precipitates shifts in timing as temperature changes. Indirect impacts are both bottomup and top-down. From a bottom-up perspective, changes in habitat create changes in food web production, which are felt all the way up the food chain. From a top-down perspective, changes in the predator field and matchmismatch in timing destroy optimal conditions for reproduction and growth. Even when looking at the change in ocean thermal structure alone, climate change requires that we think about planktonic ecosystems and community structure and interactions as being of primary importance (12, 13, 32, 37) .
The fact that not all species at the upper trophic levels experience the effects of the thermal driver in the same way leads to complex differences between oceanic regions. These differences are important for creating habitats that favor some species over others. Chavez et al. (28) , for instance, demonstrate effectively that there are synchronous changes in the populations of anchovies versus sardines in areas off Japan, California, Peru, and Chile. Moreover, a detailed analysis of the phenomenon operating in the Humboldt Current System off Peru between 1983 and 2003 has been provided by Gutierrez et al. (29) . The antisymmetry of sardines and anchovies in response to decadal-scale biological regime shifts in both case studies demonstrates that shifts in habitat are the dominant causal influences, yet the synchrony across entire ocean basins shows that the same kinds of shifts in the environmental variables driving the regime shifts can operate across quite large spatial scales.
IMPACTS OF INCREASED HEAT AND ACIDITY ON MARINE ECOSYSTEMS
Increasing anthropogenic emissions to, and concentration of CO 2 in, the atmosphere spawns "evil twins": (a) the warming of the terrestrial surface and the ocean surface and depths and (b) increasing acidification of the ocean as a result of the dissolution of CO 2 in seawater, which creates carbonic acid in its initial reaction. These two stressors combine in their impacts on marine ecosystems. This section focuses first on changing thermal structure and second on increasing acidification before considering the combined effects of the two stressors. Levitus et al. (3) broke new ground by using different data sets to estimate heat content in the upper 300 m of the world ocean and at depths greater than 300 m. Detailed information about the temperature data had been reported in an earlier study (38) , but for depths down to 300 m, on the basis of data derived from ship-of-opportunity programs and research vessel cruises, individual-year and year-season objectively analyzed temperature anomaly fields were prepared for the period 1960-1990. Levitus et al. derive the following three important findings from the information in Figure 3 , which displays the yearly data: Levitus et al. (3) note that the increase in ocean heat content actually preceded observed warming of the SSTs, but the underlying physical mechanisms for this result were not then clear.
Changing Ocean Thermal Structure
The second paper by Levitus et al. (5) is based on additional data, which deepen and extend the time series from 1955-2003. This time series is configured to show ". . .yearly estimates of ocean heat content for the upper 300 and 700 m layers and pentadal (five year) estimates for the upper 3000 m of the world ocean" (5, p. 1). This time the data show that a large part of the change in heat content occurs in the upper 700 m of the world ocean, but substantial regional variability was observed. On the basis of these trends, the authors calculate that between 1955-1998 (the last pentadal in the series), world ocean heat content between 0-3000 m increased 14.5 × 10 22 J, which is equivalent to a mean temperature increase of 0.037
• C at a rate of 0.20 Wm 2 . This calculation is then placed in perspective in Figure 4 (see color insert), which demonstrates the significance of 14.5 × 10 22 J as compared to the much lesser magnitudes of the estimated heat absorbed by the continents (0.9 in Reference 42), • C is a very large number indeed and demonstrate that statement by a thought experiment. If the increase had been 0.1
• C, this would be equivalent to a mean temperature change of 100
• C if all heat were instantaneously transferred to the atmosphere. Subsequent to the Levitus et al. (5) (6) to calculate that the oceans have sequestered 84% of Earth's heat generated since the 1950s and to conclude that human influences are largely responsible.
Increasing Ocean Acidification
How is acidification of the world ocean accomplished? In a healthy ocean, the surface waters are alkaline, as measured by pH values in a range of 8.1-8.3 on a log scale. These pH levels reflect a surface ocean, which is saturated by carbonate and bicarbonate ions. The latter allow living organisms, requiring CaCO 3 to manufacture their shells and skeletons, to exist and to thrive. For example, aragonite is a biogenic bicarbonate ion derived from corals and pterapods, and calcite is a biogenic carbonate ion derived from coccolithofores and foraminifera. Pterapods are zooplankton, which are very important to the early life stages of certain fish species, whereas coccolithofores and foraminfera are phytoplankton, which are food sources for a variety of zooplankton. Because these plankton are important food sources at the bottom of the oceanic food chain, any stresses that produce declines in their populations will have far-reaching effects at higher levels of the food chain. Both biogenic ions neutralize anthropogenic CO 2 and thereby contribute to total alkalinity, but only up to certain saturation levels of CO 2 . By contrast, supersaturation of anthropogenic CO 2 at the ocean surface expands the zone of biogenic undersaturation of CaCO 3 (from 200-400 m especially), which reduces alkalinity. This shift in ocean chemistry is lethal to all calcareous life forms. Surface saturation of anthropogenic CO 2 also affects the pCO 2 in the surface ocean by adjusting the ocean/atm CO 2 flux such that increasing pCO 2 increases the uptake of CO 2 by the surface ocean, thereby decreasing pH. In the world ocean, the polar oceans are most vulnerable because the solubility of carbon increases as temperature decreases. Because the Antarctic is colder than the Arctic Ocean, it is the most vulnerable to increasing acidification. The changes that are now observed are very large, and the rate of CO 2 uptake is faster than has been experienced for at least the last 650,000 years. The significance of these changes has been graphically stated by Brewer The global carbon cycle operates on centennial to millennial timescales. These are determined by the atmospheric residence, which can vary from 50-200 years, and the time it takes the great ocean basins to turn over surface water to the bottom and back again. This turnover time is on the order of 1000 years. The preindustrial ambient, atmospheric concentration of CO 2 is in a range of 190 to 300 ppmv, whereas the present concentration is 387 ppmv, which is a 37.23% increase (47) . This level of input means that, given current rates of input by humans, most of the impacts are yet to come, and most of the anthropogenic CO 2 conveyed by the atmosphere to the ocean currently remains in the upper 300 m (estimate derived from Reference 48). Doney et al. (24) show in a graph that overlays pH changes on trends in the Keeling curve ( Figure 5 , see color insert) that, between 1990-2009, as the Keeling curve continues to increase, CO 2 loadings in the surface ocean increase concomitantly, while pH levels in the deep ocean trend downward.
Observed Impacts of a Warming Ocean on Marine Ecosystems
Because temperature, salinity, and depth are critical features of their habitat for all marine organisms, we should expect that significant changes in the values of any or all of those variables would imply large biogeographic shifts for at least some components of the ecosystem. • C than the mean of 1995-1997; the observed decrease in sea ice delayed the spring phytoplankton bloom to later in the season, thereby rendering it out of synch with maximum zooplankton growth; consequently, the spring phytoplankton bloom benefited the benthic community, whereas the later zooplankton bloom benefited the pelagic ecosystem. Overland & Stabeno (50) also observed large-scale biogeographic shifts northward in the ecosystem of the Bering Sea. Demersals, on which a very large and profitable fishery depends, were prominent in this shift, along with pinnipeds (walrus), salmonids, and other species. In addition, Agostini et al. (51) (52) (53) found that one demersal species, which is prominent in the NCCS, hake (Merluccius productus), seemed to cue on current location and strength of the NCCS, but that pelagics at the surface (sardines in particular) were more sensitive to temperature.
A more detailed treatment of the same and other patterns was provided by Grebmeier et al. (54) on the basis of a data set of the Northern and Southern Bering Sea from 1988 to 2005. The picture and processes provided by Grebmeier et al. (54) lead to a conclusion that a reorganization of the Bering Sea ecosystem is underway, partly as a result of the increasing temperatures and decline of sea ice in the Arctic. In fact, the temperature-determined subarctic-Arctic boundary is shifting northward, and this has become ". . .the primary agent determining ecosystem variability" (54) . Different species and subpopulations of benthic invertebrates, dermersal fish, marine mammals, and seabirds are favored in this shift, but others are adversely affected. The results of such a large-scale shift ultimately can be observed in its effects on both subsistence and commercial fisheries in the Bering Sea. Although the global increase in temperature is clearly reflected in increases in bottom water temperature from 1988 to 2005, the global warming trend is not the only physical driver at work. In both the North Pacific and the North Atlantic Oceans the decadal-scale variability (PDO and North Atlantic Oscillation) are again important drivers (18, 27, 55, 56) . In addition, Grebmeier et al. (54) show that a strong positive shift in the Arctic Oscillation (AO) plays a large role in the current shifts in Bering Sea trends. The causal link is in the effect of a positive AO on the polar vortex winds, which increase in strength and decrease sea-level pressure over the central Arctic (54) . Large-scale biogeographic shifts among demersals, particularly cod, were also found in the North Atlantic by Perry et al. (56) . The North Sea warmed by 0.6
• C from 1962-2001 and by 1.05
• C from 1977-2001. Over the whole period, 15 of 36 species studied moved north. These shifts combined latitudinal changes with depth. Perry et al. inferred from this pattern that the evidence of differential rates of shifts suggested the possibility of altering the spatial overlap among species, thereby disrupting species interactions and compounding phenological shifts. In an earlier study, Beaugrand et al. (57) had found that larval cod survivability in the North Sea was sensitive to variability in temperature. Therefore, the increasing temperature in the North Sea since the mid-1980s modified the planktonic ecosystem in a way that reduced the survival of young cod. This finding is a demonstration of the bottom-up process at work.
There are also limits to what we know. In an attempt to generalize findings from a wide range of studies relating to climate impacts on marine ecosystems in the North Atlantic, Stenseth et al. (18) make the following points: Most such studies consider only linear relations and neglect nonlinear relations, which may be more important; nonlinearities may be a function of scale because the relationships between large-scale and local climate variability may change over time. In addition, if climate change results in an increase in variability (extremes) as well as an increase in means, from observations, we should expect that the spatiotemporal distribution of extreme events is likely to produce more significant impacts than those produced by seasonal mean values. The expected result of increased environmental variance is a decline in population growth. Ottersen et al. (55) , as well as other authors (13, 36, (58) (59) (60) provide abundant evidence testifying to the fundamental importance of the match-mismatch hypothesis in explaining the pervasiveness of climate impacts on the entire web of life in the ocean.
Ocean Acidification as a Major Long-Term Challenge
Of all the studies cited above, only two (56, 57) explicitly consider the impacts of fishing effort as well as climate. All of them connect the physics (SST, wind conditions, and the seasonal/interannual and decadal cycles) to the biology and conclude that climate affects marine ecosystems primarily from the bottom up. This is unquestionably valuable knowledge, but it yields a narrow base. The response of upper trophic level species, experiencing differing intensities of fishing effort with differing effects on predator-prey relationships, constitute the top-down response, but detailed analyses of both dimensions, combined with natural and anthropogenic impacts on habitat, are very hard to find. It must also be said that not one of these important studies (13, 18, 28, 29, 36, 37, 54, 57, 59, 60) considers either the increasing acidification of the world ocean or the effects of increasing pollution of the global coastal ocean. We conclude therefore that we do not yet have reliable knowledge about the future of marine ecosystems in a world of multiple stresses, where climate change, ocean acidification, and the large anthropogenic footprints of overfishing, habitat destruction, and coastal pollution are the principal drivers.
It is also surprising that the extent to which the coastal ocean as a whole is currently affected by ocean acidification was not studied until 2007. The first cruise in North America that focused on acidification was conducted from May-June 2007 on the West Coast from Queen Charlotte Sound, Canada, to San Gregario, Mexico, by Feely et al. (61) . Thirteen cross (continental)-shelf transects were made in this area measuring conductivity, temperature, and depth water samples were collected and analyzed for dissolved inorganic carbon, total alkalinity, nutrients, oxygen, and dissolved and particulate organic carbon. In addition to the chemistry of seawater, the physical driver of transport for that particular time of year is an important player in this story. This driver is the seasonal upwelling, which usually begins in early April as the Aleutian low-pressure area moves to the northwest and the Pacific high-pressure area moves northward. This pattern produces a strengthening of northwesterly winds, which drive net surface water offshore. 1 This result, in turn, generates upwelling, which brings colder, deeper water, laden with nutrients from the bottom up to the euphotic zone, where photosynthesis takes place, and primary productivity is significantly increased. The activity in question occurs primarily over the continental shelf, much closer to shore than measurements of acidification are usually made. The latter have usually focused primarily on the deep ocean over abyssal plains and do not generally focus on the continental rise, slope, or shelf. The upwelling in question usually lasts until late summer/early fall when the Aleutian low-pressure area moves back southward and winter storms return. In this context, the measurements of Feely et al. (61) , focused solely on the continental shelf, yield startling results. Coincident with the upwelling, the investigators found clear evidence of corrosive, undersaturated low-pH seawater in the bottom waters brought to the top by recent upwelling. This fact simultaneously elucidates two dimensions of the puzzle. There is a puzzle here because evidence of aragonite and calcite undersaturated water was presumed by analysts, particularly those involved in modeling studies, not to move onto the continental shelf and upward toward the surface until at least 2050 (20, 22, 62) . That it was occurring in 2007 means that a larger areal extent of the deepwater offshore in the Pacific is undersaturated and so much of it is now in that condition that it has breached the continental shelf, where it is now routinely brought to the surface as a result of the seasonal upwelling. The ". . .upwelling process caused the entire water column shoreward of the 50 m 1 Oceanographers use the term net surface water to indicate several qualities: Surface water differs from subsurface water in location and density and in the dynamics governing its movement. Net surface water in the ocean is used to refer to surface water that is driven either toward or away from the coast, generating either upwelling or downwelling. bottom contour to become undersaturated with respect to aragnonite. . ." (61, p. 1), and one observation showed that the undersaturated water was close to the surface approximately 22 km from the coast. The authors conclude that their results ". . .show for the first time that a large section of the North American continental shelf is impacted by ocean acidification," and they recommend that field studies be undertaken to understand how indigenous organisms in both the benthic and neritic environments have fared in their intermittent exposure to corrosive water (61, p. 3). Such studies should emphasize how ". . .the development of larval, juvenile, and adult stages of aragonite calcifying organisms or finfish that populate the neritic and benthic environments in this region. . ." have fared (61, p. 3).
Clearly, ocean acidification is one of the major new vectors of change confronting analysts, and this requires them at least to couple the physics and chemistry to the biology and to the human connections. Although the available knowledge base is still rather thin, three major monographs also point the way to making progress. Kleypas et al. (10) and The Royal Society (63) focus on filling our large holes of ignorance on the effects of increasing acidification on marine ecosystems, and the German Advisory Council (64) takes up the challenge of the multiple stresses problems in a special report with a most apt title: The Future OceansWarming Up, Rising High, Turning Sour. However, it remains to be seen how much of the recommended research programs developed in these documents actually will be transferred into living research programs.
SO, WHAT IS TO BE DONE?
This review began by outlining the challenge of multiple stresses on the ocean system and its ecosystems. The article suggested that a threshold has been crossed in the second half of the twentieth century because the five stressors originally identified have gotten worse and three new megastressors-global population growth and its side effects, changing ocean thermal structure, and increasing ocean 
Adapting to Ecosystem Change in the Ocean
The purpose of developing adaptation strategies to the dual problem of changing ocean thermal structure and increasing acidification is to try to reduce vulnerabilities to the most probable risks that have been identified in the short to medium term. The purpose of mitigation strategies to control fossil fuel emissions, in the face of the magnitude of change to which the planet is already committed, is to try to slow down the rate as well as the magnitude in the longer-term future. The most severe effects on a centennial timescale can be avoided only if very stringent controls are implemented very soon to control and significantly reduce anthropogenic concentrations of CO 2 to the atmosphere. The alternative recommended by the German Advisory Council on Global Change (WGBU) is to reduce emissions by about 50% from 1990 levels by 2050. The report does not say that such an action must be only a first step. Reductions will have to continue. In order to limit atmospheric concentrations to 500 ppm by 2100, or even to seek to limit the average global temperature increase to 2.0 • -2.5
• C, a second step of 40% to 50% in emissions reduction would have to be implemented between 2050 and 2100. However, it is very questionable that either 500 ppm or 2.0
• -2.5
• C would be a desirable end state when we consider the rate and magnitude of changes experienced at a level of 387 ppm. It may well be necessary to continue these reductions over the course of two centuries to drive the atmospheric concentrations to a range below 300 ppm. It will be very difficult to achieve such an objective. This conclusion is inferred from the results of three papers published recently in the Proceedings of the National Academy of Sciences of the United States of America (PNAS) by Ramanathan & Feng (65) , Schellnhuber (66) , and Solomon et al. (67) . Ramanathan & Feng (65) demonstrate two very important points, which are accepted and commented on by Schellenhuber (66) . The first point is that the world is already committed to an equilibrium warming of 2.4
• C in a range of 1.4
• -4.3
• C and that, without the implementation of strong mitigation policies, the commitment could exceed 3
• C in about 25 years. The second point is that the warming commitment to date has been masked by aerosols, which exert a cooling effect in the atmosphere. Schellenhuber (66) stresses that no reduction strategy conceivable from the December 2009 Copenhagen negotiations could avoid the realization of a global equilibrium increase to at least 2.4
• C, and there is a good chance that it could be higher than that. Moreover, the "accidental antidote" of the aerosols is likely to be removed in the near future as a result of stronger antiair pollution strategies expected in the United States and China. Solomon et al. (67) provide robust, quantitative support for the arguments that, based on the physics of deep-ocean mixing, CO 2 is the only greenhouse gas that operates on multiple timescales. These timescales range from rapid exchanges with the terrestrial biosphere and ocean surface layer to millennial timescales, which are required for equilibration between the atmosphere and the deep-ocean basins. Adverse impacts, therefore, will be experienced on short and long timescales, and those that will occur on millennial timescales are essentially irreversible. These adverse impacts include increases in global temperature, precipitation changes, and sea-level rise.
Successful adaptation is inherently limited by the rate and magnitude of change. This condition puts severe limits on what can be tolerated with respect to changing ocean thermal structure, increasing acidification, and increasing sea-level rise. For the risks identified, and indeed experienced already in the marine environment, there appear to be four principal approaches to adaptation: research as a corrective for ignorance with respect to impacts, extensive monitoring to expand capacity for keeping abreast of the changing rates of change, risk management, and the implementation of ecosystem-based fisheries management (EBFM). Given the long timescale of adverse changes, which we can expect, the need for continuity and consistency of effort will be an additional burden that societies will have to bear. With respect to research, the areas of most ignorance relate to the combined effects of changing ocean thermal structure, increasing acidification on plantonkic communities, and the influence of increasing acidification on upper trophic level fish and deep-water corals. With respect to monitoring, it is worth repeating that the surprise relative to the threat to the coastal ocean (61) graphically points to the need for systematic, expanded monitoring to keep abreast of the changing rate of change. This issue has much wider application than the purposes that are the subject of this article. The larger point is the subject of a review in this journal that seeks to make a case for "The Scientific Bases of Macroenvironmental Indicators" (68) . Because the combination of changing ocean thermal structure and increasing acidification has the potential to change whole ecosystems on a regional spatial scale, application of EBFM is a shift in approach that makes sense, even though there are substantial complexities lying in wait in adopting such approaches. With respect to risk management strategies, one study, by the WGBU, treats the problem comprehensively and in doing so points the way to systematic science-based policy analysis (64) . The assessment is couched holistically in terms of the multidimensional impacts of global warming on marine ecosystems, the coastal threats posed by the combined effects of intensifying hurricanes and sea-level rise, the problem of ocean acidification, the possibilities and problems of storage of CO 2 in the ocean or under the sea floor, the potential threat of methane hydrates at the sea floor, and changing patterns of climate variability by increasing the frequency and intensity of extreme events. Each problem assessed contains identification of potential responses, their evaluation, and recommendations for action. This issue is discussed below after consideration of what developments are required in learning to manage whole ecosystems.
Pikitch et al. (69) argue that EBFM reverses the order of fisheries management by requiring beginning with the ecosystem rather than with target species. In this respect, EBFM has four objectives: ". . .(i) avoid degradation of ecosystems, as measured by indicators of environmental quality and system status; (ii) minimize the risk of irreversible change to natural assemblages of species and ecosystem processes; (iii) obtain and maintain long-term socioeconomic benefits without compromising the ecosystem; (iv) generate knowledge of ecosystem processes sufficient to understand the likely consequences of human actions" (69, p. 346). Where knowledge is insufficient, Pikitch et al. (69) advocate precautionary management that favors the ecosystem. Delineating and protecting essential habitat is important along with reducing excessive levels of bycatch. The use of ocean zoning for controlling human activity spatially and temporally is also a critical tool of EBFM. Target species are to be managed ". . .in the context of the overall state of the system, habitat, protected species, and nontarget species" (69) .
EBFM means managing complex adaptive systems for long-term sustainability (70) . The overall objectives are maintaining robustness and resilience, defined as the capacity to maintain functionality in the face of disturbance in ecosystems that provide critical ecological services. Maintaining functionality is very much a question of managing short and long timescales and spatial scales of varying magnitude. For managers this translates into identifying ". . .those aspects of ecosystems that are most precious in terms of the values that humans apply. . .." (70) . Particular attention also needs to be paid to ". . .conditions under which robustness and resilience may be lost as a result of endogenous or exogenous influences" (70) . as exhibited in particular situations. Explaining the dynamics and histories of closely studied ecosystems can provide answers to important management questions, such as, What levels of disturbance lead to system collapse and how long the systems take to recover? Or what is the importance of variations in local productivity. Or how can we most effectively understand long-term ecosystem shifts in relation to patterns of natural fluctuations? Given the possibility that global climate change can affect both seasonal upwelling and ocean pH, ". . .it is critical to understand how human activities interact with natural cycles to influence the frequency or strength of recovery" (71, p. 36) . This sentence actually leads us back to the issue of multiple stresses, a major concern particularly in the coastal ocean where patterns of coastal development, land use, pollution, overfishing, and other factors also have to be taken into account and, when combined with the changing rates of climate change impacts, call into question exactly what is meant by habitat restoration. Palumbi et al. (71) draw lessons for management and prediction from their observations of ecosystems and ecosystem responses to disturbances. These lessons call attention to the growing richness of the ecological literature, which indicates an increasing maturity and a larger base for applications concerning the roles of redundancy, species complementarity, and high levels of productivity in resisting major shifts in community structure and/or increasing rates of recovery. A much deeper analysis of ecosystem-based management (EBM) in action is found in Ruckelshaus et al. (72) . Their case studies include the waters of the Southern Ocean covered by the regional regime governed by the Convention for the Conservation of Antarctic Marine Living Resources from which they draw six basic principles to guide the use of EBM. These are as follows:
1. Define the spatial boundaries of the marine ecosystem to be managed. 2. Develop a clear statement of the objectives of EBM.
3. Include humans in characterizations of marine ecosystem attributes and indicators of their response to change. 4. Use a variety of strategies to hedge against uncertainty in the ecosystem response to EBM approaches. 5. Use spatial organizing frameworks such as zoning for coordinating multiple management sectors and approaches. 6. Link the governance structure with the scale of the ecosystem elements to be managed.
However, earlier in their argument Ruckelshaus et al. (72) qualify their support for the use of marine protected areas (MPAs) as a form of zoning, in contradistinction to the WGBU group, which proposed to encase 20% to 30% of all ecosystems in such zones on a global basis. Ruckelshaus et al. (72) correctly point out, "MPA networks can contribute as one tool within an ecosystem-based approach to marine management, but they are not appropriate tools for all species (e.g., highly migratory species) or all factors contributing to species declines. . .Finally, MPAs may not be effective in restoring the abundance of target species in the face of global threats such as climate warming and disease, . . ." Additional descriptions and evaluations of EBFM approaches in the Bering Sea-Aleutian Islands region of the United States, the Great Barrier Reef Marine Park in Australia, and coastal California are provided, and from each case, additional principles for a comprehensive EBM approach are derived. This article is a major contribution to the growing evidence of the practicality of EBFM.
Another significant contribution to the practice of EBFM has been made by Brander, a member of the WGBU and a staff member of the ICES. Brander first produced a detailed paper for the WGBU, assessing potential impacts of climate change on fisheries (73) , and a condensed version of this paper was later published in PNAS (74).
Brander's arguments can be summarized as follows: The greatest threat to future global fish production is fishing conducted by humans, but 18 . 16 Miles the interactions of fishing and climate change impacts are so tight that they cannot be treated as separate issues. For instance, "[f]ishing is size selective and causes changes in the size and age structure of populations, which results in greater variability in annual recruitment in exploited populations. The truncation of age structure and loss of geographic substructure within populations makes them more sensitive to climate fluctuations." Climate change will exert both direct and indirect effects on commercially exploited fish populations. "Direct effects act on physiology and behavior and alter growth, development, reproductive capacity, mortality, and distribution. Indirect effects alter the productivity, structure, and composition of the ecosystems on which fish depend for food and shelter." Adaptive capacity of exploited fish populations will be limited by the rate of change of climate change precipitated by human activities. This rate of change is expected to be faster than natural variability. The resilience of species and ecosystems is severely compromised by multiple stresses acting concurrently. And the consequences of lowered pH are unknown. The main climate-related drivers are temperature, salinity, windfields, oxygen, pH, and the density structure of the water column, but "[t]emperature also interacts with declining pH and increasing nitrogen and ammonia to increase metabolic costs." A significant addition to the current discussion of risk management approaches as part of a tool bag of potential strategies for adapting to the impacts of climate change can be found in Chapters 17, 18, and 19 of Volume II, (Working Group II) of the most recent IPCC report (40) . These chapters cover the assessment of adaptive capacity, the interrelationships between mitigation and adaptation, and assessments of key vulnerabilities. These chapters are sources on detailed approaches that combine regulation and incentives, which can be applied to different sets of vulnerabilities cutting across a range of sectoral activities.
The monograph by WGBU (64) on the future of the oceans, referred toabove, was prepared for the German Bundestag. Not only does it choose to treat the climate change impacts problem as one of multiple stresses, but each stress is treated as a problem in risk management guided by the concept of "guard rails," which are defined as follows:
Guard rails are limits on damage and can be defined quantitatively: a breach of these limits would give rise either immediately or in the future to intolerable consequences so significant that even major utility gains in other fields could not compensate for the damage. Guard rails thus demarcate the realm of desirable and sustainable development trajectories (64) .
Four specific guard rails are offered for climate protection, marine ecosystems, sea-level rise, and ocean acidification, although the report offers recommendations as well on marine biodiversity, marine resource management, regulating CO 2 storage, and imposing strict conditions on methane hydrate mining in the ocean. Making the argument that adaptation measures can succeed only if the acceleration of sea-level rise and acidification are halted, the climate protection guard rail suggested is limiting the rise in near-surface atmospheric temperature to a maximum of 2
• C and the rate of temperature change to 0.2
• C per decade. For marine ecosystems, the guard rail is based on preserving biodiversity through reserving 20% to 30% of the area of marine ecosystems in ecologically representative and effectively managed MPAs. Sea-level rise should not exceed 1 m in the long term, and the rate should remain below 5 cm per decade. In the case of ocean acidification, the guard rail is that the pH of near-surface waters should not decline at a rate greater than 0.2 units below the preindustrial average.
Geo-engineering as an Adaptive Response to the Threats of Climate Change
Given the problems and risks facing human use of the world ocean and its resources as we have described them, it is clear that the way forward is filled with danger and large hurdles, but we have a fair idea of how to proceed. The potential costs of a business-as-usual posture are greater than we had initially thought because the CO 2 concentrations in the atmosphere by 2100 will be larger than we had supposed. Adaptation in all cases requires understanding of and managing for multiple stresses. These are especially plentiful and difficult in the global coastal ocean, which is so closely connected to a wide variety of human activities on land.
The definition of geo-engineering is "the intentional modification/management of the Earth's climate system" (75) . Phrased in this fashion, the issue poses a choice of risks. On the basis of the regulatory performance of the global and national systems to date, growth in world population will lead to greater demands for fossil fuels (particularly coal) as the engines for economic growth than the IPCC scenarios suggested. The planet, therefore, is headed on a trajectory of tripling the atmospheric concentration of CO 2 or worse. In that case, are there ways of significantly decreasing this trajectory by means of human intervention? And, if so, what are the risks of each alternative? Moreover, if any of those alternatives is feasible, will choosing that path simply play into the hands of those who wish to continue using fossil fuels at an even greater rate than we have hitherto experienced? These questions are all very difficult to answer, and they are potentially significant causes of conflict between those involved who hold opposing views.
There are two approaches to geoengineering. The first is by trying to manage in-coming solar radiation; the second is by trying to manage the carbon cycle. The ocean plays a role only in a carbon management strategy, so this section focuses on this option. In this context, there are the following four alternatives to be considered (76):
1. Deep-ocean dispersal into the water column; 2. Stimulating large-scale phytoplankton blooms via iron fertilization of the surface ocean;
3. Injection into depleted oil and gas reservoirs (marine); and 4. Injection into saline aquifers (marine).
Options 1, 3, and 4 all require the capture, compression, transportation, and storage of CO 2 from large point sources (76) . However, ocean storage, a technique in which the Japanese are most interested, could theoretically involve injection and dissolving CO 2 into the water column below 1000 m. The assumption is that the dissolved CO 2 would, over long periods of time, equilibrate with the CO 2 in the atmosphere as part of the global carbon cycle. Carbon capture and storage (CCS) systems designed to operate at the level of the individual plant currently capture 85% to 95% of the CO 2 processed, but it requires 10% to 40% more energy than an equivalent plant without such technology. So such systems do represent a significant addition to energy demand, but in return, those plants can reduce CO 2 emissions by about 80% to 90% in comparison with plants that do not have this capability (76) . At present only three industrial-scale CCS operations currently exist: the Sleipner field project, which is a saline offshore formation in Norway and the only marine operation in existence; and two terrestrial projects, one in Canada (the Weyburn enhanced oil recovery project in Alberta) and the In Salah project in Algeria (76) . It is assumed that CCS systems would make their major contributions from deployment in the electricity sector (76) , where several hundreds, if not thousands, of 1-5 Mt of CO 2 plants would be required to meet the current and future global demands (76) . The major risk management issues presented by the CCS option relate to the probability of leakage after storage, the retention of stored gases over the timescales required, and the likelihood of harm to humans and marine ecosystems in particular locations. With respect to deep-ocean storage in the water column beyond 1000 m, risk issues surround the stability of the deposits in a context of increasing temperature at depth. Similar issues apply to the exploitation of methane hydrates at depth, because early experiments have 18 . 18 Miles shown that these hydrates move with increasing temperature (77) . The alternative of iron fertilization of the surface ocean is perhaps the most controversial of all the marine geo-engineering options and politically the most complex. The basic concept is that natural processes in the ocean serve the function of sequestering carbon from the atmosphere, via exchange with the surface ocean, in which biological productivity becomes the mechanism of exchange of carbon between the surface ocean and the benthos. However, the frequency and magnitude of this transfer depends on the presence of nutrients, which are essential to creation of plankton blooms. Proponents of the idea have argued that sequestration of carbon can be enhanced by supplying in the open ocean nutrients that are normally not present in those locations. The experiments, which have been carried out to date, have been few and small scale, on the order of tens of square kilometers, and the results have been mixed. For adequate field tests to be conducted, they would have to be on a spatial scale of hundreds of square kilometers and be accompanied by better mathematical models of oceanic biogeochemical processes than have been employed to date (78) .
The political complexity derives from several sources. First, scientific questions have been raised about the advisability of conducting large-scale field experiments of iron fertilization of the ocean given risks of increasing acidification and/or adversely affecting either the pelagic or the benthic ecosystems, or both. Second, some of the proponents of these explorations have been companies wishing to use this mechanism on a for-profit basis by offering to sell carbon credits. The commercial involvement has, in turn, stimulated emotional responses from some scientists and from some environmental organizations. As if all these factors are not enough, there are four intergovernmental organizations and five international scientific nongovernmental organizations that have a legitimate voice on the subject. These bodies are, of course, uncoordinated. Several of these organizations take competing positions on whether or not ocean iron fertilization experiments should be permitted and, if so, under what conditions. The CBD, SOLAS, and GEOHAB adopt a stance of denying permission under present levels of knowledge. This position amounts to a permanent moratorium. The London Convention/London Protocol (LC/LP) takes a more pragmatic approach, looking at the trade-off implied between sequestration and ocean iron fertilization, on the one hand, and the purposes to be served by each, on the other. For this reason, the LC/LP in 2006 amended Annex I of the Protocol to approve CO 2 sequestration into subseabed geological formations as an activity for purposes other than mere dumping. However, the Parties requested their Scientific Group to draw up a set of guidelines under which these activities would be permitted and regulated (79, p. 23) . In November 2008, at the thirty-first meeting, the Parties proposed a binding resolution, to be voted on in Fall 2009, permitting scientific research on ocean iron fertilization on the same basis as sequestration, i.e., purposes other than dumping.
There are clearly major concerns about the environmental risks of both subseabed sequestration of CO 2 and ocean iron fertilization. The feasibility of limited scale operational projects for carbon sequestration has been demonstrated, but regulating the scale of activity at the level that would be required has not been systematically thought through as yet. In addition, it might take one to two decades to get to that point in the face of greater inputs of carbon into the atmosphere than is reflected in the current IPCC business-as-usual scenario.
Ocean iron fertilization at an appropriately large scale (400 km 2 ) can be tested much more quickly, but great care has to be exercised to specify the right conditions under which that work is permitted, regulated, monitored, and evaluated. The standards for continuance need to be equally high and clear.
SUMMARY POINTS
1. Global climate is changing as a result of the significant increases in the atmospheric concentration of CO 2, which, at 387ppm, exceeds the natural range of 180-300 ppm maintained for the 650,000 years preceding the beginning of the Industrial Revolution.
2. The rate of increase over the last decade has exceeded the rate observed since observations were recorded for the period 1958-1998. What actually happens, therefore, will be more severe than the projections based on the IPCC's business-as-usual scenario in the last four integrated assessments.
3. Most of the heat produced (84%) has been stored in the world ocean, which has also taken up 30% of all the CO 2 emitted by humans since 1850.
4. It is now firmly established that climate, in the form of increasing temperature, impacts marine ecosystems primarily from the bottom up, and so does acidification. This combination is sufficiently powerful to change entire marine ecosystems on a regional scale.
5. Although it has been known that the solubility of carbon increases as temperature decreases and that this inverse relationship threatens the polar oceans with the most intense levels of acidification, we have only just found out that the West Coast of North America is also now very much at risk.
6. The context of the coastal ocean means that the marine ecosystems therein will face a double whammy represented by the drivers of oceanic stresses combined with major stresses from the terrestrial dimension.
7. The purpose of developing adaptation strategies to the dual problems of changing ocean thermal structure and increasing acidification is to try to reduce vulnerabilities to the most probable risks that have been identified in the short to medium term. The purpose of mitigation strategies to control fossil fuel emissions is to try to slow down the rate as well as the magnitude in the longer-term future.
8. For the risks identified, and indeed experienced already in the marine environment, there appear to be five principal approaches to adaptation: research as a corrective for ignorance with respect to impacts, extensive monitoring to expand capacity for keeping abreast of the changing rates of change, risk management, the implementation of ecosystem-based fisheries management, and a limited and tightly controlled exercise in geo-engineering. 
FUTURE ISSUES
1. There is a need for integrated research that links changes to the physical/chemical system of the ocean in response to the increasing intensity of heat combined with decreasing pH in particular marine regions of the world with biological responses and mechanisms for change.
2. The research noted above will facilitate the specification of indices and tools available for predicting the likelihood of a threshold appearing; understanding whether or not it is possible to manage systems to reverse or halt their movement toward thresholds; and if thresholds are crossed, understanding whether it is possible to minimize negatives and maximize positives.
3. The purpose of this research is to expand our understanding of responses to multiple stresses at the level of benthic and planktonic communities over the long term and develop models of benthic and planktonic communities that permit simulation of impacts and responses in the face of changing rates of change.
4. An empirical determination is needed of the net effect of multiple stresses on marine ecosystems in a variety of regions in the world ocean, including both coastal and open ocean sites.
5. An assessment should be made of the sensitivity of pelagic larval phases in the life cycles of a wide range of commercially important fish species in the field, in addition to laboratory settings.
6. The biological research needs are developed in detail in several papers discussed this article, but the human dimensions require additional study as they have been rather neglected, except for the reports by the Royal Society and by the WGBU.
7. With respect to developing adaptive management strategies in the face of changing rates of change, it would be useful for the manager to be aware of the most important biological effects of the multiple stresses identified because this information will be critical for him/her to unravel two thorny issues: How much time is available before decisions must be made and actions taken? How much action must be taken?
8. The issue of thresholds is an important factor at this point as well. So it would be important for the decision maker to know what the potential magnitudes of important end points might be and whether or not ecological buffering is available to guard against cascading effects.
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Figure 1
The great ocean conveyor belt. Reprinted with permission from the Oceanography Society (15). 
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